ABSTRACT The navel orangeworm, Amyelois transitella (Walker) (Lepidoptera: Pyralidae), is a key pest of almond, pistachio, and walnut tree crops in California. Understanding dispersal of adults between orchards is important to improving management options. Laboratory ßight behavior of unmated navel orangeworm of ages 1, 2, 3, 5, and 7 d posteclosion was examined using ßight mills. As a group, females ßew farther and longer than males, but the differences were not statistically signiÞcant. Flight speed did not differ between sexes. Flight duration and distance did not differ with age, except that 7-d-old adults performed worse for these parameters than did 1-and 2-d-old adults. Females began their ßights Ϸ1.5 h after the onset of dusk, and Ϸ1.5 h earlier in the night than males. Flight capacity and propensity were substantial for both sexes and all age classes tested. At least 20% of adults (except 7-d-old males) made a continuous ßight Ն5.5 h, and median total distances ßown during the 10.5-h night ranged from 7 to 15 km depending on age class. Thus navel orangeworm ßight mill performance was greater than that of most pests tested from the families Pyralidae and Tortricidae. Surface area and length of forewings and hindwings were greater in females than males, but had little effect on ßight performance. The results are generally consistent with Þeld observations of navel orangeworm dispersal, but it will be important to characterize the effects of mating on ßight, and ßight on fecundity.
times of the year, serve as a bridge for future infestation of neighboring crops.
Several aspects of managing navel orangeworm are impacted by adult dispersal, which may occur any time when adults are active (C.S.B., unpublished data). The spatial extent of the surrounding area at risk of infestation from a particular source orchard is determined in part by the dispersal capacity and behavior of adults emerging in the latter. Furthermore, immigration of mated females can reduce the effectiveness of mating disruption (Higbee and Burks 2008) , a management technique now used on Ͼ14,000 ha of California nut crops (D. Casado, personal communication) . Recent development of a stable synthetic pheromone lure has opened a promising new avenue for efÞcient population monitoring. Understanding navel orangeworm adult dispersal and its impact on the sampling range and range of interference of traps baited with such lures will be necessary to properly interpret numbers captured (Burks et al. 2011, Burks and Higbee 2013) . Thus, characterizing the dispersal behavior, distances, and patterns of both sexes is important to the reÞne-ment of management programs for this important pest. Dispersal, however, is an inherently difÞcult life history parameter to characterize for most insects, and the difÞculty increases with spatial scale (Showers 1997 , Osborn et al. 2002 .
The navel orangeworm is considered a strong ßier (Andrews et al. 1980 ) and capable of interorchard dispersal Barnes 1982, Higbee and Siegel 2009) . One study found that eggs produced by females marked with fat-soluble dye were laid in equal numbers on egg traps from 8 to 375 m every 45Њ from the release point (Andrews et al. 1980) . A more recent study using capture of marked males and females found that both sexes were capable of dispersing at least 1,000 m within 24 h of eclosion, and that males were more likely than females to disperse rapidly (Burks and Higbee 2006) . Such mark-release studies provide valuable information but are subject to technical limitations, especially limited distances for possible recapture compounded by dilution of insect density with distance (Showers 1997 , Osborn et al. 2002 , Reynolds et al. 2006 . SpeciÞcally, for navel orangeworm, limitations have included overdispersed frequency distributions of eggs on egg traps, making it difÞcult to translate the number of marked eggs recovered to the number females that traveled certain distances (Higbee and Burks 2011) , and differential capture efÞciency of males and females to the available attractants (Burks and Higbee 2006) .
Laboratory studies of ßight capacity using computermonitored ßight mills have provided a valuable addition to Þeld data for a variety of moth species, including orchard pests (Schumacher et al. 1997 , Shirai and Kosugi 2000 , Hughes and Dorn 2002 , Hughes et al. 2004 , pests of annual row crops Showers 1991, 1992; Beerwinkle et al. 1995; Dorhout et al. 2008; Jiang et al. 2010 , Tu et al. 2010 , Cheng et al. 2012 , Jiang et al. 2013 , tree pests (Yamanaka et al. 2001, Elliott and Evenden 2009) , and species of biological control and quarantine concern (Sarvary et al. 2008) . Flight mills allow comparison of ßight capacity between the sexes without bias owing to response to attractants, and allow a more detailed examination of effects of age and mating status than is often possible in Þeld studies. Distances, durations, velocity, and other measures of ßight performance cannot be assumed to translate directly to behavior in the Þeld because the experimentation involved is highly intrusive (Dingle 1985 , Yamanaka et al. 2001 , Tsunoda and Moriya 2008 , Taylor et al. 2010 , Huang et al. 2013 ). The insect must be handled during attachment of a tether with glue, it cannot control its ßight direction or body angle, and it cannot land or take-off from a solid surface but instead is left suspended from the ßight arm throughout the test period. Nevertheless, ßight mill studies can yield important insights into a speciesÕ dispersal behavior through comparative experimentation involving developmental (e.g., gender, age, and mating status) or treatment (e.g., nutrition, insecticide exposure, and population density) categories of individuals (Dingle and Drake 2007 , Dorhout et al. 2008 , Taylor et al. 2010 . Flight mill data also provide minimum values for measures of ßight capacity, such as ßight duration, ßight distance, and ßight speed. Typical ßight distance in nature may be greater or less than this capacity for ßight in the laboratory because of the mechanical and environmental factors (see subsequent discussion). With due caution in interpretation of the data, and in combination with other lines of evidence, ßight mills are a powerful tool in the ecologistÕs toolbox for elucidation of insect dispersal patterns in the Þeld.
In this study, we compared ßight performance of unmated navel orangeworm males and females of Þve different ages posteclosion on ßight mills. In addition to measures of distance, duration, and speed of ßight, we examined the propensity of moths to engage in a long duration ßight (i.e., Ն30 min) and the time of night the longest duration ßight was initiated and terminated. We report that the capacity and propensity of both sexes up to 5-d of age to make long ßights is considerable, and that ßight mill performance is consistent with inferences about dispersal in the Þeld suggested by previous mark-release studies.
Materials and Methods
Insect Culture. Navel orangeworms used in the experiments were obtained from a laboratory colony maintained at 26ЊC and a photoperiod of 14:10 (L:D) h on wheat bran diet (Tebbets et al. 1978) at the USDA-ARS, San Joaquin Valley Agricultural Sciences Center in Parlier, CA. The colony was initiated from eggs collected in an almond orchard in western Fresno County in September 2010, and was refreshed with infusion of individuals taken at the same time, place, and manner in September 2011. Thus, this line had been in culture from 20 to 26 generations (from 2010) during the course of the experiments conducted from July to October 2012. Mature larvae were separated by sex based on the presence or absence of testes (visible through the male dorsal integument). Larvae nearing Dorhout et al. (2008) with modiÞcations. Adults were attached to ßight mills with a tether consisting of a 0.25-mm-diameter wire, Ϸ5 cm in length. Moths were sedated by brief cooling in a reach-in freezer at Ϫ20ЊC for Ͻ3 min, and scales were brushed away from the dorsal surface of the abdomen immediately posterior to the mesothorax. This position is far enough forward to ensure good balance of the mothÕs weight, while avoiding interference with ßexing of the thorax during ßight. A 1-mm-diameter loop at the end of the wire was attached to the cleared area on the abdomen with a small amount of Insta-Cureϩ glue (Bob Smith Industries, Atascadero, CA). The wire was bent at a right angle near its insertion into a small sleeve of hollow plastic tubing stripped from copper wire, by which it was connected to the ßight mill arm. After attachment to the ßight arm, a small piece of tissue paper was provided to the tethered moth for tarsal contact (Sappington and Showers 1991), which the moths readily grasped. This reduced escape behavior and trivial ßight before dusk, while allowing spontaneous ßight initiation.
Fifteen ßight mills were housed in a walk-in environmental chamber maintained at 26ЊC and a photoperiod of 14:10 (L:D) h. This is the photoperiod approximating conditions from May through July in Parlier, CA. Dusk and dawn were initiated 30 min before the beginning and end, respectively, of the dark cycle at which they had been reared, and simulated by automatic ramping of four 40-W incandescent bulbs from 50% intensity to complete darkness. Each ßight mill was attached to a Gateway 2000 personal computer by interface hardware and software as described by Beerwinkle et al. (1995) . The ßight mill arm consisted of a triangle-shaped ßat piece of aluminum (256 mm in length, 156 mm from tip to pivot, 15 mm in width at the base end). The tether attachment sleeve described in the previous paragraph was slipped over the point of this arm, and the weight of the attached moth was counterbalanced with a moveable clip near the base end. The setup allowed the adult to ßy in a horizontal plane, completing a distance of 1 m per revolution around the central pivot and the pin on which it rested. Revolutions of the ßight arm were sensed by an infrared eye below the pin. A vinyl tent surrounded each mill to reduce air movement that might cause the ßight arm to drift and generate spurious readings.
Males and females were tested separately on given nights to prevent the confounding inßuence of female sex pheromone. Adults of different age classes were also tested separately because of practical limitations. Adults that emerged the previous evening or night were classiÞed as 1 d old when ßown on ßight mills the following evening (i.e., Þrst evening after emergence). Unmated males and females were ßown at ages 1, 2, 3, 5, and 7 d posteclosion. Each individual was ßown only once, so data for each age category represent independent trials of moths held in cages with free access to water and without ßying until the night of attachment. In the laboratory, mortality is minimal before 7 d posteclosion, during which period most total lifetime fecundity is realized (C.S.B., unpublished data).
We examined possible associations of wing dimensions with ßight performance. After testing on the ßight mills, the forewings and hindwings were removed and mounted on card stock, and images obtained by optical scanning. Lengths and surface areas of both forewings and both hindwings were obtained using the web-based UTHSCSA ImageTool (http:// compdent.uthscsa.edu/imagetool.asp). The greatest measures of length and area obtained from either of the paired forewings and hindwings were used in all analyses.
Data Analysis. The number of revolutions was compiled in 1-min intervals for each ßight mill. A ßight was considered terminated if there was not a single revolution of the ßight arm in 1 min. Adults that did not engage in at least one ßight of Ն3 min were excluded from analysis to avoid including adults that were artifactually unable or indisposed to ßy because of handling associated with the experimental procedures. Data from adults found dead on the ßight mill the morning after a test were also excluded, regardless of ßight activity during the night, to avoid including activity of moths that may have been too unhealthy to behave normally. Moths excluded as nonßiers or because they died during testing represented 7% of the 572 individuals tested. Flight characteristics examined for each moth included the duration of the longest uninterrupted ßight, the summed duration of all ßights, the distance of the longest uninterrupted ßight, the summed distance of all ßights, calculated speed of the longest uninterrupted ßight, and the time of initiation and termination of the longest uninterrupted ßight of Ն30 min relative to the beginning of dusk. Flight activity before the onset of dusk or after lights on was excluded from analysis because this species is not known to be active in the Þeld during daytime hours. Thus there was a 10.5-h window of possible ßight activity.
Data associated with duration, distance, and speed of ßight were transformed as the square root of the observation to stabilize variation and improve symmetry of the frequency distribution. Analysis of variance (ANOVA) was used for these variables because LeveneÕs test did not Þnd signiÞcant departure from homogeneity of variance, and because residual plots indicated that the assumption of random distribution of the error was not violated. A mixed-model two-way ANOVA was used for the ßight performance variables. Fixed dependent variables included age, sex, and their interaction. The test date was nested in the ageÐsex interaction because levels of these two main effects were necessarily tested on different nights. Degrees of freedom were calculated by the containment method. The denominator degrees of freedom used to calculate signiÞcance of the main effects (age and sex) and means separation within these effects was thus based on the number of ßight mill tests (adults were tested 5Ð 8 nights for each level of age ϫ sex) rather than the number of moths tested. The Tukey adjustment for multiple comparisons was used when comparing ßight variables between age classes. Times of initiation and termination of the longest uninterrupted ßight of Ն30 min were compared between sexes with the Wilcoxon rank-sum test. FisherÕs exact test was used to compare the proportion of nonßiers between sex and age categories.
Measures of wing area and length were compared between sexes by two-sample t-tests. Associations of wing dimensions with ßight performance were explored for each age of each sex by stepwise linear regression analyses, with measures of ßight performance as the dependent variables. Because wing dimensions for an individual were highly correlated (all r Ͼ0.32, all P Ͻ 0.0001), principal components (PC) were extracted for the variables using a correlation matrix. The wing data were converted to factor scores along the resulting eigenvectors and used as independent variables. The P value to enter and exit the stepwise model was 0.05.
The two-way ANOVAs and FisherÕs exact test were performed using the SAS System (SAS Institute Inc.
2008, Cary, NC). The PCs and regression analyses involving wing dimensions, and the wilcoxon ranksum tests were conducted using Statistix 7 (Analytical Software 2000) software. Untransformed means and errors are presented in the tables and Þgures.
Results
Flight Propensity and Capacity. Of the 572 adults tested, 533 were classiÞed as ßiers (i.e., 93% made at least one ßight of Ն3 min). The proportion of nonßiers was not signiÞcantly different between age and sex categories (Fisher exact test, P Ͼ 0.05).
Unmated navel orangeworm adults exhibited a substantial propensity for ßight over the Þrst 7 d of adult life, as demonstrated by the mean summed duration of all ßights ranging from 3.6 to 6.2 h of the available 10.5 h from dusk to dawn (Table 1 ). There were signiÞcant differences among age categories in the duration of the longest ßight, total ßight duration, the distance of the longest ßight, total distance ßown, and velocity of the longest ßight (Table 2) . However, these differences were driven entirely by the oldest age category, in which adults of both sexes ßew signiÞ-cantly Ͻ1-or 2-d-old adults (Table 1) .
Females ßew for a longer total time (328.9 Ϯ 11.54 vs. 288.5 Ϯ 11.50 min per night) and greater total distance (12.3 Ϯ 0.71 vs. 9.8 Ϯ 0.52 km per night; mean Ϯ SE) than males, respectively, but these differences were not quite signiÞcant (0.05 Ͻ P Ͻ 0.1; Table 2 ). Differences between the sexes were not evident for the longest individual ßight time or distance, or for ßight speed (Table 2 ). Box plots of data for the longest single ßight reveal a considerable degree of variability in both distance (Fig. 1A) and duration (Fig. 1B) . The data suggest greater differences between the sexes in the extremes than in the central The numerator df are 1, 4, and 4 for age, sex, and interaction, respectively. The denominator df is 50.
tendency. The lesser propensity of 7-d-old moths to ßy than younger moths is readily apparent in the values of the 75th percentile (upper edge of the boxes in Fig.  1 ), especially for males. Mean velocity of the longest single ßight ranged from 0.55 to 0.75 m/s (Table 1) , and did not differ between males and females at any age (Table 2) . Decumulation curves were constructed to visualize the percentage of moths that made uninterrupted ßights of given minimum durations (Fig. 2) . It is clear that moths of both sexes and all ages tested have the capacity to engage in continuous ßight lasting most of the night, with several individuals ßying Ն9 h. Twenty percent of females of all ages made a single continuous ßight of at least 6 h, and a third of those tested made ßights of at least 3 h ( Fig. 2A) . Male propensity to make longer duration ßights varied more with age, and was on the whole less than that of females, but was similar if the oldest age class (7 d) is disregarded (Fig.  2B) . Excluding the 7-d-old category, 20% of males made a continuous ßight of at least 5.5 h, and a third of those tested made ßights of at least 3 h. Distance ßown is closely related to duration of ßight, and the patterns are similar (not shown). Maximum distances covered in a single continuous ßight observed on the ßight mills were 66.1 km by a 5-d-old female that ßew for 580 min, and 39.5 km by a 2-d-old male that ßew for 573 min.
Wing Dimensions and Flight Performance. Possible effects of variation in wing dimensions on navel orangeworm ßight performance were explored based on measurements of surface areas and lengths of forewings and hindwings (Table 3 ). All measures of female Table 1 ). This plot provides a visual comparison among ages of the observed distribution of longest ßight duration. Note, for example, that Ͼ50% of 2-d-old males made an uninterrupted ßight of at least 4 h, whereas Ͻ15% of 1-d-old males did so. wing dimensions were signiÞcantly greater than corresponding measures of male wings, according to twosample t-tests (all t df ϭ 529 Ͼ 10.6, all P Ͻ 0.0001). Four orthogonal eigenvectors were generated from PC analysis ( Table 3) . Interpretations of the PC axes are the same for both females and males: PC1 represents a general wing-size axis; PC2 is a contrast between forewing and hindwing size; PC3 is a contrast between hindwing area and hindwing length; and PC4 is a contrast between forewing area and forewing length.
The majority of stepwise regressions of ßight parameters for any age and sex on factor scores of wing dimensions along the PC axes were not signiÞcant (Table 4 ). The contrast of forewing area and length (PC4) had minor associations (r 2 range 0.08 Ð 0.15) with ßight duration and distance variables in 2-d-old females, and on ßight distance variables in 5-old-females. The few other signiÞcant associations are likewise minor (r 2 range 0.07Ð 0.14) and do not show a consistent pattern of effects.
Timing of Long Flights During the Night. Timing of the longest continuous ßights of at least 30 min during the night are visualized in Fig. 3 . The 95% CIs were relatively tight around the means of times of ßight initiation and termination, but medians outside the CIs reßect skews of the distributions toward dusk and dawn, respectively. Medians (Fig. 3) suggest that most females started their longest ßight earlier in the night (104.5 min after beginning of dusk) than most males (186 min), and a Wilcoxon rank-sum test conÞrmed this difference is signiÞcant (P ϭ 0.0003). The difference in median time of ßight termination between females (570 min) and males (588 min) was not signiÞcant (P ϭ 0.40). Medians and means both indicate 1-d-old females and males tended to begin their longest ßight later in the night than older moths.
Discussion
Measures of ßight capacity on the ßight mills indicate that the potential for navel orangeworm dispersal is considerable. Means for total distance and total duration ßown do not necessarily indicate typical distances and durations ßown in nature (Dingle 1985 , Krell et al. 2003 , Dorhout et al. 2008 ), but they can be taken as minimum estimates of the insectÕs ßight capacity within the boundary layer (Krell et al. 2003, Dingle and Drake 2007) . Capacity and propensity for making long uninterrupted ßights was also substantial, with more than a quarter of females ßying without interruption for more than half the night. Males of intermediate ages tested (2, 3, 5 d) performed similarly. The ßight performance observed for navel orangeworm adults in this study was generally comparable with or greater than that reported in ßight mill studies of similarly sized species in Tortricidae and Pyraloidea. For example, total distance ßown by the codling moth, Cydia pomonella (L.), 5Ð15 km (Schumacher et al. 1997) , is similar to the 8 Ð14 km mean distance we observed for navel orangeworm. European corn borer, Ostrinia nubilalis (Hü bner) ßew only 4 Ð5 km despite a total ßight duration (218 Ð355 Blank entries, and all entries for ages not listed (1 and 7 for females; 1, 3, 5, and 7 for males) were not signiÞcant.
min; Dorhout et al. 2008 Dorhout et al. , 2011 In contrast, compared with these other species, the navel orangeworm is particularly notable for greater distance of the longest single ßight, 4.8 Ð12.2 km, compared with 1Ð5 km for codling moth, 0.6 Ð3.1 km for European corn borer, 0.1Ð 0.8 km for Oriental fruit moth, and 0.06 Ð 0.15 km for cactus moth. Both quantitative and qualitative differences in ßight performance between unmated navel orangeworm males and females are suggested by the data in this study. Quantitatively, navel orangeworm females are perhaps somewhat stronger ßiers than males, as suggested by the nearly signiÞcant effect of sex on total ßight distance. The sexes performed similarly in the codling moth (Schumacher et al. 1997 ). In contrast, stronger female ßight performance has been noted in other Pyraloidea and Tortricidae (Hughes and Dorn 2002; Hughes et al. 2004; Dorhout et al. 2008 Dorhout et al. , 2011 Sarvary et al. 2008; Elliott and Evenden 2009) . In many of these species, the female is also larger than the male, suggesting that this difference may be due in part to greater wing area and/or greater energetic reserves. Forewings of European corn borer females were signiÞcantly longer than those of males, but only male wing length was correlated with some measures of ßight performance on ßight mills (Dorhout et al. 2011) . It is clear from our results that in the navel orangeworm, differences in wing morphology associated with sex do not directly translate into clear differences in ßight performance between the sexes. The interplay of possible sex-related differences in body mass and wing size (i.e., wing loading) on ßight performance, however, has yet to be addressed.
While there were no signiÞcant differences in ßight performance between the sexes within individual age categories, the data suggest that the relative performance of the sexes change with age. For example, the mean total distance was nominally greater in males than females up to 3 d posteclosion, but this trend reversed on the last two nights tested (Fig. 1A) . In contrast, the mean total time ßown was nominally greater for females than for males at all ages tested (Fig. 1B) . Unmated females do oviposit, albeit later and less frequently than mated females (C.S.B., unpublished data). It is thus possible that the different changes in ßight performance between the sexes were due to changes in wing loading; i.e., the relationship between body weight and wing area. In smaller insects that are weaker ßiers, negative association between ßight performance and egg load has been observed (Rankin et al. 1994 , Isaacs and Byrne 1998 , Bellamy and Byrne 2001 . In larger Lepidoptera that are stronger ßiers, such associations can be more complicated. In the butterßy Pieris napi L., for example, increased weight load was associated with reduced performance in some aspects of male and female ßight, but males ßew slower rather than faster after mating (Almbro and Kullberg 2012). Collection of body weight data would be necessary for a more rigorous examination of the role of wing loading in the navel orangeworm. However, the data presented here suggest that variation in ßight performance between the sexes is minor compared with variation within the sexes, and that unmated adults of both sexes have substantial capacity for dispersal.
Qualitatively, navel orangeworm males and females differed in the time of initiation of the longest uninterrupted ßight. Medians indicated that females generally began their longest sustained ßight earlier in the night than males, while the relatively tight 95% CIs around the means of time of ßight initiation suggest that adults of both sexes and all ages tested use the onset of scotophase as a cue for timing their longest ßight activity. Long-distance ßight is thus one of several activities of navel orangeworm adults that exhibit a circadian rhythm. Adult eclosion occurs mainly around dusk (Husseiny and Madsen 1964) . Mating activity generally occurs 1Ð3 h before sunrise, but shifts to earlier in the night when temperatures are cool (Landolt and Curtis 1982) . Oviposition begins shortly after sunset and is 77% concluded within the next 1.5 h and almost all was concluded within the Þrst 3 h after sunset (Andrews et al. 1980) . The difference in ßight initiation seen in the current study of unmated adults is presumably not related to oviposition. These data nonetheless demonstrate differences between the sexes in ßight behavior.
A question concerning the relative importance of wind-assisted versus self-directed ßight for the navel orangeworm is suggested by data from the current study. At wind speeds greater than ßight velocity, an insect cannot control the direction of net displacement (Compton 2002 , Srygley and Dudley 2008 , Chapman et al. 2011 . Based on spatial patterns of marked eggs oviposited by released navel orangeworm females, Andrews et al. (1980) inferred a strong upwind directional bias toward baited egg traps. Wind speed was not reported by Andrews et al. (1980) , but it was described as consistent and gentle for one of the experiments. Dispersal of many insects is strongly affected by wind (Mikkola 1986 , Drake and Farrow 1988 , Dingle 2006 , Srygley and Dudley 2008 , Kim et al. 2010 , Chapman et al. 2011 . For example, some migratory noctuid species like Agrotis ipsilon (Hufnagel), Helicoverpa zea (Boddie), and Spodoptera exigua (Hü bner) can cover great distances in only a few hours by ßying in fast moving winds at several hundred meters above the ground (Showers 1997 , Westbrook et al. 1998 , Westbrook 2008 . Even small, weak ßiers like aphids, leafhoppers, and mosquitoes are transported long distances by winds (Shields and Testa 1999 , Compton 2002 , Reynolds et al. 2006 . Because of the possible effects of wind in increasing net ground speed in free ßight, compounded by the negative effects of ßight mills on speed for mechanical reasons, distances ßown on ßight mills may underestimate actual distances dispersed in the Þeld. Thus, ßight duration on ßight mills has some advantages as a comparative index of dispersal potential. At the same time, it is important to recognize that ßight mill distances could sometimes overestimate net distances in the Þeld (Yamanaka et al. 2001) , for example, in the case of males casting in a zig-zag pattern in search of a pheromone plume.
Flight velocity data on the ßight mills indicate that most navel orangeworms can make direct headway in winds of speeds up to at least 0.60 m/s (2.2 km/h), but it is likely that they can ßy faster in nature than indicated by our ßight mill data. In direct comparisons, Tsunoda and Moriya (2008) found that maximum free ßight speeds of the bean bug, Riptortus pdedstris (F.), and rice bug, Leptocorisa chinensis Dallas, were about twice as fast as those measured on ßight mills. The discrepancy was even greater for the buprestid emerald ash borer, Agrilus planipennis Fairmaire, in which free ßight speed was threefold greater than measured on ßight mills (Taylor et al. 2010) . Although the magnitude of the difference between free and tethered ßight in these studies is perhaps surprising, slower speed on ßight mills is expected because of the drag caused by the weight of the ßight arm and friction at the pivot (Dorhout et al. 2008 , Tsunoda and Moriya 2008 , Taylor et al. 2010 . Mean nightly wind speeds in the southern San Joaquin Valley of California from late May to early September 2004 were light, ranging from 3.5 to 10.3 km/h depending on site (Burks and Higbee 2013) . However, these measurements were taken from weather stations on open ground, whereas navel orangeworm dispersal is, at least initially, within an orchard. Another study measured wind velocities of 0.05Ð2.01 m/s in the lower canopy of an almond orchard, with lower wind velocity in the lower canopy compared with the upper canopy and the air above the canopy (Girling et al. 2013) . Navel orangeworm pheromone traps within large orchards interfered with one another at intervals of 400 m (Burks and Higbee 2013) . Male location of females by following sex pheromone plumes would generally require net displacement upwind. However, measurements of air currents and comparison of males in female-baited traps at various heights suggest that night-time vertical convection currents are at least as important as horizontal air movement for male orientation to female sex pheromone in the ßat, arid orchards of the San Joaquin Valley (Girling et al. 2013 ). Thus, further data are needed to elucidate the importance of meteorological or atmospheric events for inter-orchard dispersal of the navel orangeworm.
Even if dispersal is not wind-assisted, the distances ßown by navel orangeworm adults per night on ßight mills were considerable, with means ranging from roughly 10 Ð15 km for females of different ages, and are generally consistent with Þeld observations. For example, a regional, multiyear correlation study of navel orangeworm damage patterns in Ͼ50 almond orchards found signiÞcantly more damage in nuts harvested from Þelds within 4.8 km of pistachio orchards compared with those farther away (Higbee and Siegel 2009). A previous study in that region established that pistachios generally harbored a greater abundance of navel orangeworm than almonds (Burks et al. 2008) . The median distance of the longest single ßight in our study was Ͼ4.8 km for 1-, 2-, and 5-d-old females. Most codling moth adults ßy short distances, while only a small proportion ßy Ͼ5 km, consistent with Þeld data for that species (Schumacher et al. 1997 , Keil et al. 2001 . Despite the strong ßight capacity of navel orangeworm, damage patterns suggest that, on a regional basis, it also has a nonlinear distribution of oviposition, with more oviposition occurring closer to the site of parental development (Higbee and Siegel 2009 ). Planned studies of ßight performance of mated navel orangeworm adults, and of association of ßight performance and fecundity of females, should give greater insight into the basis of the oviposition patterns observed in the Þeld.
In summary, the data from the current study demonstrate a substantial ßight capacity and propensity in unmated navel orangeworm males and females over the Þrst week of adult life. Unmated adults have the capacity to disperse farther than the distance observed in damage patterns in the Þeld (Higbee and Siegel 2009 ). This Þnding emphasizes the importance of an area-wide perspective in management of this pest, and the importance of ongoing laboratory and Þeld studies of dispersal capacity and behavior of this species, and particularly of females.
